• Sex-specific levels of 20E, an insect molting hormone, regulate secondary 42 sexual trait dimorphism and plasticity in butterflies. 43
Summary 20
In contrast to the important role of hormones in the development of sexual dimorphic 21 traits in vertebrates [1] , the differentiation of these traits in insects is attributed 22 exclusively to variation in cell-autonomous mechanisms controlled by members of 23 the sex determination pathway [2] , such as doublesex (dsx). Although hormones can 24 shape the development of sexual traits in insects, and interact with dsx to create 25 dimorphisms, variation in hormone levels are not known to cause dimorphism in 26 these traits [3] . Here we show that butterflies use sex-specific differences in 20-27 hydroxyecdysone (20E) hormone titers to create sexually dimorphic wing ornaments, 28 without the local involvement of dsx. Females of the dry season (DS) form of 29
Bicyclus anynana display a larger sexual ornament on their wings than males, 30 whereas in the wet season (WS) form both sexes have similarly sized ornaments [4] . 31
High levels of circulating 20E during larval development in DS females and WS 32 forms cause proliferation of the cells fated to give rise to this wing ornament, and 33 results in sexual dimorphism in the DS forms. This study advances our 34 understanding of how the environment regulates sex-specific patterns of plasticity of 35 sexual ornaments and conclusively shows that sex-specific variation in hormone 36 titers can play a role in the development of secondary sexual traits in insects, just 37 like they do in vertebrates. Recent studies have shown that sexual traits are neither under constant, or even 59 similar direction of selection over time and space [5] [6] [7] . This is because organisms 60 do not live in stable biotic and abiotic environments. One consequence of predictable 61 and recurrent environmental changes, such as seasons, is the evolution of plasticity 62 in sexual traits [8, 9] Understanding the mechanisms behind the development of 63 such plastic traits can help in developing better models of phenotypic evolution by 64 focusing research on the actual genetic loci of evolution [10] . 65 66 Bicyclus anynana butterflies evolved in a seasonal environment in Africa, 67 experiencing predictable and recurrent dry and wet seasons (DS and WS) [11] . As a 68 consequence of this heterogeneity this species evolved a complex pattern of 69 plasticity in its sexual behavior as well as in the size of its sexual ornaments, the 70 bright, UV-reflective dorsal eyespot centers (Fig. 1) [4] . Essentially, DS individuals 71 display sexual dimorphism in the size of the ornaments, with the courting DS females 72 avidly displaying their unusually large sexual ornaments to the choosy cryptic males 73 which have overall smaller eyespots ( Fig. 1) [4]. In the WS, both sexes develop large 74 eyespots characteristic of the season and males avidly court choosy females. This 75 leads to a pattern of sexual dimorphism in the DS and plasticity in the sexual 76 ornament that is male-limited ( Fig. 1) leads to WS butterflies [12] . We experimentally manipulated rearing temperature for 90 brief windows of 48h at different stages of development by moving animals from one 91 temperature to the alternate temperature, and then returning them back to the 92 original temperature (Fig. 2) . WS animals reared at 27 o C, which were moved to 17 o C 93 during the wandering (Wr) stage of larval development showed the strongest 94 decrease in eyespot size (Fig 2A) . The opposite pattern, an increase in eyespot size, 95 was seen in animals reared throughout at 17 o C, and moved briefly to 27 o C for a 48h 96 interval during the same Wr stage ( Fig 2B) . These experiments show that the Wr 97 stage is critical for the determination of dorsal eyespot center size in males. 98 Therefore, we focused our subsequent investigations of eyespot center size around 99 this developmental stage. 100
101
Previous studies on the developmental basis of sexual traits in insects have pointed 102 exclusively to variation in cell-autonomous mechanisms involving the activation of 103 members of the sex-determination pathway, such as the gene doublesex (dsx), in 104 the cells that develop the trait [3, [13] [14] [15] . Therefore, we asked whether dsx was 105 being expressed in the eyespot centers at the wandering stage of development. In-106 situ hybridizations with a probe generated against a common region of dsx, (i.e., 107 made to identify both male and female isoforms of this gene) identified dsx 108 expression in the developing androconial organs, a sex-pheromone producing organ 109 [16] [17] [18] in the wings of males (Fig. 3A) . However, no dsx expression could be 110 detected in the developing eyespot centers of Wr larvae (Fig. 3A , Suppl. Fig. 3 ). 111
112
This led us to ask whether the sexual ornaments could be under the control of sex-113 specific hormone titers. Previous studies have implicated insect hormones in the 114 development and maintenance of sexual traits in insects [3] , but to date no study to 115 our knowledge has ever shown sexual dimorphism in hormone titers leading to the 116 development of sexual traits in insects. Furthermore, previous research in this 117 species showed that levels of the molting hormone, 20-hydoxyecdysone (20E), were 118 involved in regulating ventral eyespot center size in females during the Wr stages of 119 development. We, therefore, asked whether levels of this hormone could be different 120 between males and females at the Wr stage. 121
122
We collected hemolymph from developing male and female larvae at finely spaced 123 intervals during the Wr stage, and observed a rise in 20E titers in all WS and DS 124 forms towards the end of this stage, just before the Wr larvae turned into prepupae. 125
Furthermore, male and female 20E titers were different within each seasonal form, 126 with females having higher titers than males (F 1,41 =55.78, P<0.001) (Fig 3B) . In 127 addition, WS titers were higher than DS titers, as previously reported for females [19, 128 20 ] (F 1,41 =52.11, P<0.001), with no interaction between season and sex (F 1,41 =0.001, 129 P=0.977). 130 20E, and the potential for this hormone to impact the developmental fate of these 139 cells. At the later Wr stage, however, we observed a difference in the extent of EcR 140 staining. DS males still expressed EcR in a small group of cells, whereas DS 141 females and both WS sexes expressed EcR in a larger cluster of cells panel 3). This suggests that the size control of the sexual ornament appears to be 143 taking place in between these two time points, primarily via an increase in cell 144 number. 145 146 20E levels above certain thresholds are known to promote cell division in larval wing 147 imaginal discs [22, 23] . Therefore, to visualize whether such localized cell divisions 148 were taking place in the region of the future sexual ornaments, we studied the 149 localization of a mitotic marker, phospho-histone H3 (pH3) [24], using fluorescently 150 To test this hypothesis, we manipulated 20E signaling in the four butterfly groups. Here we have shown that sex differences in levels of a steroid hormone, during a 172 brief period of development, controls a very localized pattern of division in cells that 173 express the hormone receptor, which later develop into the bright UV-reflective scale 174 cells that make up a sexual ornament in adult butterflies. Females produce more of 175 this hormone than males, and WS forms more than DS forms. However, all groups, 176 except DS males, produce sufficient hormone to trigger a process of local cell 177 division at the center of the dorsal eyespots. This creates sexual dimorphism in 178 ornament size in DS animals, and plasticity in ornament size in males. 179 180 Sexual dimorphism in some vertebrate traits, such as the length of digits in mice, is 181 controlled by two hormones, androgen and estrogen steroids, present in different 182 relative amounts in each sex during a small window of development [26] . Our study 183
indicates that sexual dimorphism in insects can be achieved via the use of a single 184 hormone, 20-hydroxyecdysone, present in each sex at different levels. 185 186 It is likely that this butterfly species, which has evolved a complex mechanism for the 187 regulation of plasticity in the size of its ventral eyespots [11, 19] , which function in 188 predator-prey interactions [27, 28] , simply co-opted this mechanism to also regulate 189 the size of its dorsal eyespots. The selection pressures working on the dorsal 190 eyespots, however, are different from those on the ventral eyespots; so, the 191 mechanism of plasticity had to be tweaked to allow eyespots on different surfaces to 192 display different reaction norms for size in response to environmental temperature. trait [3, 29, 30] . For instance, previous work showed that the sexually dimorphic 207 mandibles of a stag beetle, Cyclommatus metallifer, were regulated by Juvenile 208
Hormone (JH) interacting with sex-specific isoforms of doublesex expressed in the 209 mandibles, but levels in JH titers across the sexes were found to be similar [31, 32] . 210
Previous reports also implicated hormones in the maintenance of sexual dimorphism 211 of adult insects [33] , but no study conclusively reported sexual differences in levels 212 of insect hormones as developmental regulators of sexual traits [34] . Interestingly, 213
higher levels of 20E were found to be present in the hemolymph of females and 214 horness males Ontophagus taurus dung beetles, relative to horned males, during a 215 feeding stage of the last larval instar [35] . These sex-differences in titers, however, 216
were not tested for function. Here, we show conclusively, that sexual differences in 217 hormone titers can regulate dimorphism in sexual traits, without the need of cell-218 autonomous factors also being expressed in the trait. centers were calculated using ImageJ (NIH, v1.45s), as described previously [19] . 244 245 Wandering stage sampling. Late 5 th instar larvae were kept with ample food in 246 transparent containers and imaged at 5 min intervals using the time-lapse feature of 247 a RICOH Pentax WG-3 Camera, using method described previously [19] . Initiation of 248 wandering stage happened when the larvae left the food and started wandering up. Technologies, Cat #15596-018) at -80 o C immediately after dissection. Extracted 270 wing tissues were homogenized in TRIzol using a bullet blender, followed by a 271 chloroform-isopropanol precipitation and ethanol wash. Subsequently, we treated 272 extracted RNA with DNAse, and incubated at 37 o C for 15 min, followed by 3M 273 NaoAC treatment and incubation at -80 o C for precipitation. Extracted RNA was 274 followed through one round of phenol-chloroform RNA extraction. We then used 275 500ng of RNA from each tissue sample to do a reverse transcription by adding 276 dNTPs, Reverse transcriptase and RNAse inhibitor at 42 o C for one hour to generate 277 cDNA. A fragment of doublesex was amplified from this cDNA using the primers 278 AM0462 (5'-AGTACCGCTTGTGGCCCTTC-3'-forward) and AM0463 (5'-279 GTCCGCGTGCGAAATACATC -3'-reverse). We used a housekeeping gene, EF-280 1α, as an internal control, which was amplified using primers AM0110 (5'-281 GTGGGCGTCAACAAAATGGA-3'-forward) and AM0111 (5'-GCAAAAACAACGAT-282 3'-reverse). of 20 μl of hemolymph + 45 μl methanol + 45 μl iso-octane and then vortexed the 304 solution. We used a previously described protocol [19] . (F 1,37 = 18.215, P<0.001) and plastic in males across seasons (F 1,37 = 60.712, 522
P<0.001) (blue symbols/outlines = males; pink = females). Sizes along the Y-axis 523 apply to wings with an area of 208.805 mm 2 . N=20 for each data point. were moved to a higher temperature of 27 o C. N=20 for each data point. Error bars 535 represent 95% CI of means. Asterisks represent level of significance in the 536 difference of center size observed between shifted groups and non-shifted controls 537 (*, p<0.05; **, p<0.01; ***, p<0.001). 538 539 Fig. 3 . Sex-specific differences in 20-hydroxyecdysone titers, but not 540 doublesex isoforms, are associated with cell division and larger EcR 541 expression domains in late Wr stage eyespot centres. A) (i) dsx mRNA is 542 present in the pheromone producing organ of males (yellow box) but is absent from 543 the eyespot centres (arrows).N=4 for in-situ stainings.(ii) Male forewing with male 544 pheromone producing organ (iii). B) 20E titers observed during fine intervals of 545 wandering (Wr) and pre-pupal (PP) stages. Error bars represent 95% CI of means. 546 C) Larval wings immunostained with EcR (Red) and pH3 (Green) antibodies at two 547 stages of Wr stage -40% and 90% development, zoomed in to show the developing 548 dorsal Cu1 eyespot centres (Fig. 1C) 
